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Abstract: The alkaline lamprophyres and diabases from the Spanish Central System carry a
heterogeneous suite of xenoliths including a group of highly altered ultramafic pyroxenites that
contain Cr–Mg-rich high-T hydrous minerals (Ti-phlogopite and pargasitic to kaersutitic amphi-
bole), indicative of modal metasomatism. The trace element mineral compositions of these xeno-
liths show three patterns: type A xenoliths, with light rare earth element enriched clinopyroxenes
with high field strength element (HFSE) negative anomalies; type B xenoliths, with clinopyro-
xenes and amphiboles with high incompatible trace element contents (large ion lithophile elements
(LILE), HFSE and REE); type C xenoliths, with relatively REE- and HFSE-poor clinopyroxenes
and amphiboles. These metasomatic signatures suggest the involvement of three different meta-
somatic agents: carbonate, silicate and hydrous fluids or melts, respectively. These agents could
have been derived from the progressive differentiation of a CO2–H2O-rich highly alkaline magma,
genetically related to the Late Permian alkaline magmatism. Because of the original sub-alkaline
natureof the pyroxenite xenoliths, theymight havebeen formedoriginally as pyroxene-rich cumulates
associated with underplated Hercynian calc-alkaline basic magmas. Metasomatism as a result of
the infiltration of alkalinemagmaswithin these cumulatesmight explain the relatively high radiogenic
Nd composition of the altered ultramafic xenoliths.
Ultramafic xenoliths carried by mantle-derived
alkaline volcanic and subvolcanic magmas some-
times include pyroxenitic types, which are much
less abundant than typical mantle lithologies
(peridotites). Several possible origins have been
proposed for pyroxenite xenoliths: (1) cumulates
or segregations from mantle-derived magmas intro-
duced as dykes or veins within the lithospheric
mantle (e.g. Frey & Prinz 1978; Downes 2001);
(2) cumulates crystallized within deep magma
chambers near the upper mantle–lower crust
boundary, associated with underplating of mafic
magmas (e.g. Fe´me´nias et al. 2003); (3) restites
produced during melting and genetically associated
with overlying orogenic batholiths (Ducea &
Saleeby 1998); (4) remnants of oceanic crust, sub-
ducted into the asthenosphere and then streaked
out by mantle convection until they were incorpor-
ated into the lithosphere (Alle`gre & Turcotte 1986).
Moreover, some pyroxenites have been subjected to
a later enrichment process (Garrido & Bodinier
1999; Litasov et al. 2000; Xu 2002).
The Upper Permian alkaline lamprophyres and
diabases from the Spanish Central System (SCS)
carry a heterogeneous xenolith suite, including
lower crustal granulites (Villaseca et al. 1999)
and ultramafic pyroxenites and hornblendites
(Orejana et al. 2006). Some types of pyroxenites
have never been studied because of their scarcity
and alteration. These altered pyroxenites show a
relict high-T paragenesis composed of clinopyro-
xene, amphibole and phlogopite, pointing to the
involvement of a metasomatic transformation at
depth.
The nature of the metasomatizing agents in
enrichment processes can be broadly divided into
three categories: (1) silicate melts (e.g. Ionov
et al. 2002a; Witt-Eickschen et al. 2003); (2) car-
bonate or carbonatitic melts and/or fluids (e.g.
Ionov 1998; Yaxley et al. 1998; Xu et al. 2003);
(3) hydrous fluids (e.g. Johnson et al. 1996).
The presence of multiple types of geochemical
patterns in a single suite of ultramafic xenoliths is
relatively common and sometimes has led to the
conclusion that various genetically unrelated
liquids were involved (Gre´goire et al. 2003;
Witt-Eickschen et al. 2003), whereas, in other
cases, it has been interpreted as being derived
from different metasomatic agents genetically
related to a single original melt by percolative frac-
tional crystallization (Litasov et al. 2000; Ionov
et al. 2002a; Xu & Bodinier 2004). The widely
accepted porous melt flow model (Navon &
Stolper 1987) predicts the possibility of generation
of volatile-rich (H2O–CO2) melts or fluids from a
single volatile-rich magma (Downes 2001; Xu &
Bodinier 2004) as a result of a continuous reaction
with the rock matrix. These low-viscosity agents
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are capable of producing a strong interaction with
the wall rock.
This paper focuses on the petrography and the
major and trace element mineral composition of
the altered pyroxenite SCS xenoliths, with the
intention of constraining their origin, and discusses
the interaction with metasomatic agents and their
relationship with the host alkaline basic magmas
at different emplacement levels.
Geological background
The SCS is a plutonic–metamorphic terrane com-
posed of several Hercynian granitic intrusions,
emplaced into Neoproterozoic metasediments and
Palaeozoic orthogneisses (Fig. 1). This basement
is crosscut by several post-orogenic dyke swarms
with contrasting geochemical affinities: calc-
alkaline, shoshonitic, alkaline and tholeiitic (Villa-
seca et al. 2004). The alkaline suite can be
divided in two groups: (1) basic to ultrabasic lam-
prophyres (camptonites) and diabases; (2) red
monzo-syenitic porphyries. Geochronological data
on this alkaline magmatism yield an age of intrusion
in the range 252–264 Ma (264 Ma, Ar–Ar in
amphibole, Perini et al. 2004; Scarrow et al.
2006; or 252 Ma, U–Pb in zircon, Ferna´ndez-
Sua´rez et al. 2006).
The SCS alkaline magmatism occurred in an
anorogenic setting during the initial stages of
North Atlantic opening. Orogenic Hercynian meta-
morphism in the area reached its peak at around
330 Ma and afterwards experienced a marked retro-
grade cooling path associated with moderate uplift
(Escuder Viruete et al. 1998). During these
post-orogenic conditions, voluminous granitic and
calc-alkaline magmas intruded these crustal levels,
promoting important local contact metamorphism.
At 70 Ma after the regional metamorphism, during
Late Permian times, lamprophyre dyke swarms
were emplaced at very shallow and cool levels,
although this did not result in contact metamor-
phism because of the small volume of magma.
These uplifted crustal blocks into which the lampro-
phyres were intruded have not experienced burial
since Early Mesozoic times, as revealed by fission-
track data (Bruijne & Andriessen 2000). Moreover,
a significant hydrothermal imprint is not observed
in either the lamprophyre dykes or the plutono-
metamorphic wall rocks, suggesting long-term
stable crustal conditions after the alkaline magma-
tism. Therefore, the significant degree of alteration
shown by the studied pyroxenite xenoliths suggests
a genetic relationship with the host lamprophyric
melt as discussed below.
The SCS alkaline lamprophyres and diabases
carry a wide variety of xenolithic material, compris-
ing wall-rock fragments (granites and gneises),
lower crustal xenoliths (granulites sensu lato) and
mafic to ultramafic pyroxene-rich cumulates from
the upper mantle–lower crust boundary. This last
group of xenoliths has been divided, in previous
studies, in four subgroups according to their petro-
graphic characteristics (Orejana et al. 2006): (1)
highly altered xenoliths; (2) spinel pyroxenites;
(3) hydrated clinopyroxenites; (4) magmatic
amphibole-rich clinopyroxenites and hornblendites.
Type 2 spinel pyroxenites and type 4 hornblen-
dites are generally larger in size and more abundant
than the other ultramafic xenoliths (Orejana et al.
2006). They have been interpreted as magmatic
cumulates or segregates crystallized at the upper
mantle–lower crust boundary. The amphibole-rich
type 4 xenoliths show magmatic textures, and
have been interpreted as crystallizing from the alka-
line melts (Orejana et al. 2006). In contrast, type 2
xenoliths display a granoblastic texture and,
occasionally, also contain orthopyroxene (e.g.
websterite 102131). Thus, they have been
interpreted as being related to earlier magmatic
events associated with underplating of calc-alkaline
basic magmas at the base of the crust (Orejana
et al. 2006).
Types 1 and 3 ultramafic xenoliths of Orejana
et al. (2006) show a variable amount of high-T
hydrated phases (amphibole and phlogopite).
Nevertheless, their crystalloblastic fabric and
modal mineral composition differentiate them
from the clearly igneous-textured type 4 xenoliths
(also rich in amphibole or phlogopite). Their
scarcity and small size represent major hindrances
to their study, especially when considering
their whole-rock and isotope geochemistry.
Fig. 1. Sketch map of the Spanish Central System
showing the location of the Permian alkaline
lamprophyres and diabases, and the outcrops of the
altered ultramafic xenoliths (P, Peguerinos; SBP, San
Bartolome´ de Pinares).
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Nevertheless, in this paper we present a general
petrographic and geochemical characterization of
these enclaves, mainly focusing on major and
trace element mineral composition, although
whole-rock geochemical analyses and Sr–Nd
isotope determinations have been carried out on
two samples.
Analytical methods
The major element mineral composition has been
analysed at the Centro de Microscopı´a Electro´nica
‘Luis Bru’ (Complutense University of Madrid)
using a Jeol JZA-8900 M electron microprobe
with four wavelength-dispersive spectrometers.
Analytical conditions were an accelerating voltage
of 15 kV and an electron beam current of 20 nA,
with a beam diameter of 5 mm. Elements were
counted for 10 s on the peak and 5 s on each back-
ground position. Corrections were made using the
ZAF method.
We have determined in situ the concentrations
of 27 trace elements (rare earth elements (REE),
Ba, Rb, Th, U, Nb, Ta, Pb, Sr, Zr, Hf, Y, V, Cr
and Ni) in clinopyroxene, amphibole and phlogo-
pite, on .130 mm thick polished sections by laser
ablation inductively coupled plasma mass spec-
trometry (LA-ICP-MS) at the University of Bristol
using a VG Elemental PlasmaQuad 3 ICP-MS
system coupled to a VG LaserProbe II (266 nm
frequency-quadrupled Nd–YAG laser). The count-
ing time for one analysis was typically 100 s (40 s
measuring gas blank to establish the background
and 60 s for the remainder of the analysis). The
diameter of laser beam was around 20 mm. The
NIST 610 and 612 glass standards were used to cali-
brate relative element sensitivities for the analyses
of the silicate minerals. Each analysis was normal-
ized to Ca using concentrations determined by
electron microprobe.
The whole-rock major and trace element compo-
sition of two xenoliths was analysed at the
CNRS-CRPG Nancy. The samples were melted
using LiBO2 and dissolved with HNO3. Solutions
were analysed by inductively coupled plasma
atomic emission spectrometry (ICP-AES) for
major elements, whereas trace elements were deter-
mined by ICP-MS. Uncertainties in major elements
are bracketed between 1 and 3%, except for MnO
(5–10%) and P2O5 (.10%). Carignan et al.
(2001) have evaluated the precision of Nancy
ICP-MS analyses at low concentration levels from
repeated analyses of the international standards
BR, DR-N, UB-N, AN-G and GH. The precision
for Rb, Sr, Zr, Y, V, Hf and most of the REE are
in the range 1–5%, whereas they range from 5 to
10% for the other trace elements, including Tm.
More information on the procedure, precision and
accuracy of Nancy ICP-MS analyses has been
given by Carignan et al. (2001).
Sr–Nd isotopic analyses of two xenoliths were
carried out at the CAI de Geocronologı´a y Geoquı´-
mica Isoto´pica of the Complutense University of
Madrid, using an automated VG Sector 54 multicol-
lector thermal ionization mass spectrometer with
data acquired in multidynamic mode. Isotopic
ratios of Sr and Nd were measured on a subset of
whole-rock powders. The analytical procedures
used in this laboratory have been described
elsewhere (Reyes et al. 1997). Repeated analysis
of NBS 987 gave 87Sr/86Sr ¼ 0.710249+ 30 (2s,
n ¼ 15) and for the JM Nd standard 143Nd/144
Nd ¼ 0.511809+ 20 (2s, n ¼ 13). The 2s error
on 1(Nd) calculation is +0.4. An estimated age of
265 Ma was used for calculating initial
isotopic ratios.
Petrography of xenoliths
Although the altered pyroxenite xenolith suite
has been previously classified into two types, the
similarity of their petrography (high degree of
alteration and the common presence of high-
temperature hydrated minerals), suggests that they
all form a heterogeneous, genetically related
group. Thus, for the sake of simplicity, we shall
refer to them hereafter as altered ultramafic
SCS xenoliths.
These altered ultramafic SCS xenoliths have
been sampled at two outcrops: Peguerinos (P) and
San Bartolome´ de Pinares (SBP) (Fig. 1). They
are small in size, never exceeding 2.7 cm, and are
irregular to semi-rounded in shape. Their modal
composition is summarized in Table 1.
SCS altered pyroxenite xenoliths are composed
of variable amounts of two mineral parageneses:
(1) a granoblastic high-T assemblage of clinopyrox-
ene, amphibole, phlogopite and spinel; (2) a later,
volatile-rich alteration assemblage of chlorite
group and talc minerals that pseudomorph grano-
blastic crystals. The texture of the altered ultramafic
SCS xenoliths is fine-grained, equigranular and
granoblastic, showing typical triple junctions
indicative of solid-state equilibration. This high-T
crystalloblastic fabric is preserved irrespective of
the degree of secondary alteration.
Mineral heterogeneity might be related to the
small size of these xenoliths, giving rise to a wide
range of modal composition. Moreover, the lack of
olivine suggests a cumulate origin instead of
representing mantle fragments. Primary high-T
minerals are restricted to uncoloured clinopyroxene,
pargasitic to kaersutitic amphibole, Ti-phlogopite
and brown spinel (Table 1). Clinopyroxene modal
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proportion ranges from 2.6 to 81%. Spinel, amphi-
bole and phlogopite are not always all present in
these xenoliths. Although spinel is regularly disse-
minated when it appears, amphibole and phlogopite
are more dispersed. Neither mineral zoning nor pyr-
oxene exsolution lamellae have been observed in
these high-T minerals.
These pyroxenite xenoliths have secondary min-
erals in variable proportions from 19 to 95%. These
alteration phases are mainly talc and chlorite group
minerals, pale brownish chlorite being the most
common. Unaltered orthopyroxene has never been
observed in these xenoliths. Olivine pseudomorphs
are unlikely because the presence of this mineral in
the original paragenesis is very limited according to
their normative composition as deduced from
whole-rock chemistry: Ol does not exceed 9%,
whereas Hy ranges from 80 to 99% (see Table 4).
The normative compositions of analysed samples
plot within the field of orthopyroxenite in the ultra-
mafic rocks classification diagram, pointing to
orthopyroxene as the main original mafic phase
(now pseudomorphed) in the modal composition
of these xenoliths. In summary, normative and
modal compositions point to a wide range of
altered pyroxenites probably including orthopyrox-
enites and websterites.
The mineral chemistry of chlorite pseudomorphs
also supports the interpretation that orthopyroxene
was the main primary mineral of these pyroxenite
xenoliths. When comparing the chemical compo-
sition of the abundant chloritized pseudomorphs
with secondary chlorite from the partial replace-
ment of orthopyroxene from the websterite sample
102131 (type 2 xenoliths of Orejana et al. 2006)
we notice the good overlap of the two compo-
sitional fields (Fig. 2). Furthermore, the pale brown-
ish colour and the good cleavage of both chlorite
crystals reinforce the suggestion that they belong
to the same chlorite type. The wide chemical com-
position shown by these chlorites suggests complex
chemical substitution processes towards talc end-
member compositions (Fig. 2). Talc and occasional
Fe-sulphide are other secondary mineral phases.
Mineral chemistry
According to mineral chemistry, we have classified
the altered xenoliths into three sub-types by their
trace element contents (mainly light rare earth
elements (LREE) in clinopyroxene and amphibole):
type A xenoliths, with Sr–LREE-enriched clino-
pyroxene and lacking high-T hydrous phases
(amphibole or phlogopite); type B xenoliths, with
LREE-enriched clinopyroxene and amphibole; and
type C xenoliths, with REE-poor clinopyroxene
and amphibole.T
a
b
le
1
.
M
o
d
a
l
a
n
a
ly
se
s
o
f
S
C
S
a
lt
er
ed
xe
n
o
li
th
s
S
am
p
le
:
1
0
4
3
9
4
1
0
4
5
4
6
B
1
0
5
7
7
6
1
0
5
7
8
7
1
0
3
6
5
6
-1
1
0
3
6
5
6
-2
1
0
3
6
5
7
B
-1
1
0
3
6
5
7
B
-2
1
0
3
6
5
7
B
-3
1
0
4
5
3
4
A
1
0
4
5
3
5
1
0
4
5
4
0
A
1
0
5
7
8
8
L
o
ca
li
ty
:
P
P
P
S
B
P
S
B
P
S
B
P
S
B
P
S
B
P
S
B
P
S
B
P
S
B
P
S
B
P
S
B
P
T
y
p
e:
A
B
A
C
B
B
B
B
B
B
B
B
B
C
p
x
9
.5
1
8
.2
1
0
.5
1
6
.4
2
.6
5
8
.2
3
5
.0
2
1
.9
9
.6
7
4
.3
4
1
.4
8
0
.9
9
.3
A
m
p
h
3
.0
1
.7
1
.3
1
6
.0
5
.4
3
1
0
.8
P
h
l
0
.7
1
2
.0
3
.2
S
p
2
.7
3
.0
3
.0
3
.1
S
u
lp
h
.
1
.8
3
.0
0
.9
6
.1
S
ec
.m
in
.
8
6
.0
7
2
.8
8
6
.5
7
8
.8
9
5
.4
4
1
.8
3
7
.0
7
8
.1
8
9
.5
2
0
.3
4
9
.5
1
9
.1
7
6
.7
S
iz
e
(c
m
)
1
.5

0
.3
0
.6

0
.5
2
.3

0
.6
0
.7

1
0
.5

0
.6
0
.7

0
.3
0
.2

0
.2
1
.1

0
.6
0
.9

0
.4
5
0
.3

0
.3
0
.3

0
.6
0
.3

0
.7
0
.8

1
.1
P
,
P
eg
u
er
in
o
s;
S
B
P
,
S
an
B
ar
to
lo
m
e´
d
e
P
in
ar
es
.
S
ec
.m
in
.,
se
co
n
d
ar
y
m
in
er
al
s.
D. OREJANA & C. VILLASECA104
Major elements
Clinopyroxene is diopside and augite with a het-
erogeneous major and trace element composition
(Tables 2 and 3). Al2O3, TiO2 and Na2O may
reach high concentrations: 4.2–7.7 wt%, 0.3–
1.4 wt% and 0.41–1.75 wt%, respectively. Never-
theless, the heterogeneity shown by the major
element composition highlights the large compo-
sitional ranges shown by clinopyroxenes from
type B xenoliths (Fig. 3). This latter group has
Mg-number values ranging from 0.78 to 0.93,
whereas types A and C are restricted to
Mg-number ¼ 0.89–0.93 and are generally homo-
geneous with respect to major element composition,
except for Na (Fig. 3).
Amphibole is absent in type A xenoliths
(Table 1). Similar to what is observed for clinopyr-
oxene, amphibole major and trace element compo-
sition is heterogeneous for type B xenoliths (Fig. 3).
On the whole, they are Ti–Al-rich pargasites or
kaersutites (TiO2: 1.9–5.1 wt%; Al2O3: 12.9–
15.7 wt%), with Na2O in the range 2.2–3.3 wt%,
K2O from 0.71 to 1.84 wt% and high Mg-number
(0.73–0.89), which overlaps the values for clino-
pyroxene (Table 2). Type C amphiboles do not
differ significantly in their major element compo-
sition from type B (Fig. 3), but have higher Cr
contents (7436–7845 ppm, compared with 2004–
3236 ppm for type B; Table 3).
Phlogopite is present only in type B xenoliths
(Table 1). Its major element composition is
homogeneous, with Mg-number ranging from
0.82 to 0.86, overlapping the values for
clinopyroxene and amphibole (Table 2). They
typically have high TiO2 (2.46–5.14 wt%), Cr2O3
(0.42–1.11 wt%) and Al2O3 (15.6–16.8 wt%)
contents (Fig. 3). This composition contrasts with
the lower Mg-number and Cr contents, and higher
Ti concentrations of phlogopites from the SCS
hornblenditic xenoliths, which have been inter-
preted as magmatic segregates genetically
linked to the host alkaline melts (Orejana et al.
2006), and also with phlogopites from typical
cumulate xenoliths (Fig. 3); but it is very
similar to that of phlogopites from metasomatic
ultramafic xenoliths, such as those reported by
Shaw (2004). Because of the scarcity and small
size of phlogopite from the altered ultramafic SCS
xenoliths, we could not analyse their trace
element composition.
Spinel is present in the three altered ultramafic
SCS xenolith types. It is always Al–Cr-rich and
Ti-poor, with Cr2O3 ranging from 4.8 to
14.3 wt%, Al2O3 from 49.7 to 63.5 wt%, TiO2
,0.22 wt% and Mg-number from 0.69 to 0.79
(Table 2). Nevertheless, spinel from type B xeno-
liths shows the lowest Cr2O3 and highest Al2O3
concentrations (4.8 and 63.5 wt%, respectively).
Spinel of type A and C xenoliths displays the
same narrow compositional range: 11.3–14.3 wt%
for Cr2O3 and 49.7–55.9 wt% for Al2O3.
Trace elements
Clinopyroxene trace element characteristics
emphasize the existence of three types of altered
ultramafic xenoliths (Fig. 4a). Clinopyroxenes
from type A xenoliths display the most
LREE-enriched patterns, which may reach 100
times chondrite values, whereas heavy REE
(HREE) tend to converge to concentrations shown
by clinopyroxenes from the other two xenolith
types. This LREE enrichment is also accompanied
by high contents of Sr (208–230 ppm), but low
values for Zr (22–26 ppm) and Nb (0.12–
0.24 ppm) (Table 3). Accordingly, their primitive
mantle-normalized trace element pattern is distinc-
tive, with strong negative anomalies at Zr-Hf and
Nb-Ta, and at Ba and Ti (Fig. 4b). Type B
clinopyroxenes are also enriched in LREE, but
with lower concentrations than type A. Moreover,
they yield convex-upwards chondrite-normalized
REE patterns with the peak position between Ce
and Nd, which is characteristic of clinopyroxenes
formed as deep cumulates crystallized from basic
alkaline magmas (Irving & Frey 1984) (Fig. 4a).
Nevertheless, the LREE concentrations of type B
clinopyroxenes are significantly higher than those
shown by Irving & Frey (1984). The primitive
mantle-normalized trace element pattern of these
clinopyroxenes is very similar to that of type A,
but concentrations of Zr (32.1–72.5 ppm), Hf
Fig. 2. Major element contents of secondary alteration
minerals of the ultramafic SCS xenoliths (*, brownish
chlorite W, talc). Talc and chlorite (diabantite)
compositional fields taken from data summarized by
Deer et al. (1976).
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Table 2. Major element composition and P–T estimates of representative high-T minerals from the SCS altered ultramafic xenoliths
Clinopyroxene Amphibole Phlogopite Spinel
Type: A B B B C B B B C C B B B A B C
Sample: 104394 104546B 104534A 104535 105787 104546B 105788 104535 105787 105787 103656-1 103657B-1 105788 104394 104546B 105787
13 25 33 26 45 23 33 24 46 47 36 4 40 5 22 43
SiO2 51.28 50.27 50.92 50.42 50.58 41.68 40.77 41.21 41.26 42.21 37.48 36.93 37.47 0.03 0.06 0.07
TiO2 0.48 0.79 0.82 0.54 0.31 4.25 4.32 2.87 1.98 2.05 2.46 4.92 3.40 0.13 0.16 0.12
Al2O3 5.83 7.46 7.26 5.63 5.99 15.34 14.24 13.19 14.57 14.99 15.75 15.81 16.76 55.91 63.47 53.09
FeOT 2.44 3.23 6.45 6.89 2.90 3.60 6.63 9.25 4.26 4.08 7.26 7.41 5.98 11.33 4.79 13.01
Cr2O3* 0.79 0.35 0.19 0.42 0.87 – – – – – 1.11 0.76 0.69 10.94 10.29 13.13
MnO 0.09 0.07 0.05 0.10 0.04 0.13 0.07 0.08 0.04 0.00 0.04 0.03 0.07 0.08 0.08 0.07
MgO 16.02 15.48 13.68 13.73 15.24 16.33 14.38 13.60 16.99 17.22 20.03 18.69 19.93 20.51 21.33 20.61
CaO 22.98 20.33 19.41 20.08 20.87 10.94 11.51 10.75 10.50 11.11 0.02 0.03 0.06 0.00 0.00 0.00
Na2O 0.95 1.02 1.27 1.55 1.59 3.09 2.49 3.18 3.08 3.09 1.22 0.87 0.64 0.00 0.00 0.00
K2O 0.00 0.00 0.00 0.00 0.00 1.04 1.71 0.74 1.12 1.05 8.84 9.08 9.15 0.00 0.00 0.01
Total 100.86 99.00 100.05 99.36 98.39 96.40 96.12 94.87 93.80 95.80 94.21 94.53 94.15 98.93 100.18 100.11
Mg-no. 0.92 0.89 0.83 0.78 0.90 0.89 0.79 0.72 0.88 0.88 0.83 0.82 0.86 0.77 0.79 0.74
Cations calculated on the basis of 6 O for clinopyroxene; 24 (O, OH, F) for amphibole; 24 (O, OH, F, Cl) for phlogopite; 32 O for spinel
Si 1.837 1.835 1.837 1.856 1.853 6.854 7.491 6.395 6.196 6.062 5.720 5.620 5.680 0.010 0.010 0.010
Ti 0.013 0.022 0.039 0.015 0.008 0.526 0.597 0.335 0.224 0.221 0.280 0.560 0.390 0.020 0.020 0.020
Al 0.246 0.321 0.213 0.245 0.259 2.970 3.081 2.410 2.577 2.535 2.830 2.835 2.990 13.820 15.030 13.190
Fe 0.073 0.099 0.170 0.212 0.088 0.495 1.019 1.200 0.535 0.490 0.930 0.940 0.760 1.880 0.760 2.170
Cr 0.022 0.010 0.010 0.012 0.025 0.075 0.059 0.074 0.151 0.143 0.130 0.090 0.080 1.920 1.730 2.320
Mn 0.003 0.002 0.002 0.003 0.001 0.018 0.011 0.011 0.005 0.000 0.010 0.000 0.010 0.010 0.010 0.010
Mg 0.856 0.842 0.836 0.754 0.832 4.003 3.939 3.146 3.804 3.687 4.560 4.240 4.500 6.420 6.390 6.480
Ca 0.882 0.795 0.844 0.792 0.819 1.927 2.266 1.787 1.690 1.709 0.000 0.000 0.010 0.000 0.000 0.000
Na 0.066 0.072 0.048 0.111 0.113 0.985 0.887 0.957 0.897 0.861 0.360 0.260 0.190 0.000 0.000 0.000
K 0.000 0.000 0.001 0.000 0.000 0.218 0.401 0.146 0.215 0.192 1.720 1.760 1.770 0.000 0.000 0.000
SCations 3.998 3.998 4.000 4.000 3.998 18.071 19.751 16.461 16.294 15.900 16.540 16.305 16.380 24.080 23.950 24.200
T (8C)† 896 1049 1092 1078 988 1004 1009 966 937 938
P (kbar)† 6.7 9.9 10.7 7.6 10.2
*Cr contents in amphibole have been determined by LA-ICP-MS (see Table 3).
†T estimations calculated using single pyroxene and Al–Ti in amphibole thermometers of Mercier (1980) and Otten (1984), respectively. P estimations calculated using the barometer of Nimis & Ulmer
(1998).
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Table 3. Trace element composition of representative clinopyroxenes and amphiboles from SCS altered ultramafic xenoliths
Clinopyroxene Amphibole
Type: A A A B B B C C C B B B B B C C C
Sample: 104394 104394 104394 104546B 104535 104534A 105787 105787 105787 104546B 104546B 104534A 104534A 104534A 105787 105787 105787
12 21 51 41 33 41 10 7 9 31 33 22 23 24 1 2 3
Ba 0.84 1.37 2.42 1.57 0.92 3.92 2.60 2.17 bd 172 178 236 247 228 79.7 82.1 84.3
Rb bd bd 1.65 bd 0.67 0.43 0.65 0.47 bd 4.84 5.12 6.01 6.03 6.20 5.69 5.97 6.33
Sr 230 212 215 95.3 107.6 101.2 44.8 44.0 40.9 278 208 474 488 504 120 120 117
Pb na na na na na na 0.46 0.16 0.17 na na na na na 0.29 0.45 0.43
Th 0.06 0.10 0.08 0.31 0.24 0.14 bd bd 0.06 0.20 0.33 0.15 0.16 0.19 bd bd bd
U bd bd 0.03 0.09 0.08 0.05 bd bd bd 0.05 0.11 0.03 0.05 0.04 bd bd bd
Zr 24.5 24.8 25.9 38.4 70.5 56.2 17.5 16.7 16.4 66.7 73.2 52.6 51.8 52.6 16.8 18.0 15.6
Nb 0.10 0.17 0.13 1.56 0.27 0.59 0.16 bd 0.11 78.4 53.2 43.1 45.3 45.2 1.35 1.23 1.36
Y 16.8 15.5 14.9 19.9 24.4 18.6 16.7 15.5 15.1 21.7 21.8 21.7 22.7 21.8 17.3 18.2 17.8
V 254 246 251 286 623 709 344 320 319 440 450 909 944 905 501 545 543
Ni 393 404 386 315 116 74 432 286 325 605 596 129 149 129 na na na
Cr 5215 4948 5020 2046 2892 1745 5239 4687 5310 3124 3236 2087 2182 2118 7436 7845 7721
Ta 0.01 0.04 0.02 0.09 0.07 0.11 0.05 bd bd 2.73 1.61 1.83 1.90 1.83 0.07 0.10 bd
Hf 0.89 0.89 1.16 1.50 2.41 1.61 0.88 0.88 0.75 1.51 1.56 1.46 1.34 1.41 0.95 0.83 0.62
La 20.71 20.76 20.43 6.73 9.05 6.88 2.35 2.24 2.11 10.10 12.00 9.94 10.29 10.35 3.14 3.02 3.32
Ce 70.19 69.42 70.24 22.41 28.93 21.65 6.61 6.27 6.37 30.73 35.51 27.40 27.48 27.49 8.41 8.98 9.10
Pr 10.64 10.14 10.23 3.73 4.15 3.22 1.05 0.90 0.99 4.71 4.74 4.04 4.14 4.25 1.29 1.40 1.27
Nd 46.37 49.40 44.52 18.45 19.25 15.56 5.81 5.42 5.63 21.61 24.53 19.82 20.19 19.78 7.03 6.86 7.19
Sm 8.61 8.91 8.29 5.64 5.50 3.61 1.84 1.81 2.07 5.89 5.61 5.08 5.55 5.07 2.59 2.21 2.45
Eu 2.14 2.15 2.18 1.75 1.79 1.42 0.71 0.66 0.65 2.04 1.90 1.78 1.94 2.04 0.89 0.80 0.75
Gd 5.74 5.11 5.48 4.99 4.84 3.47 2.58 1.92 2.46 5.50 5.61 4.56 4.31 4.64 2.43 2.81 2.77
Tb 0.80 0.72 0.75 0.72 0.90 0.58 0.43 0.39 0.42 0.89 0.78 0.71 0.72 0.70 0.45 0.54 0.56
Dy 3.60 3.36 3.60 4.81 5.16 4.02 3.25 2.67 2.76 4.30 4.14 4.17 4.29 4.66 3.21 2.97 2.88
Ho 0.68 0.57 0.66 0.97 1.06 0.71 0.67 0.58 0.56 0.91 0.88 0.88 0.97 0.92 0.56 0.75 0.69
Er 1.86 1.72 1.67 2.20 2.71 2.00 1.98 1.70 1.55 2.18 2.25 2.18 2.45 2.22 1.76 1.98 2.00
Tm 0.27 0.22 0.20 0.27 0.39 0.25 0.30 0.29 0.24 0.26 0.33 0.33 0.32 0.32 0.27 0.30 0.22
Yb 1.44 1.43 1.38 2.00 2.52 1.80 1.83 1.74 1.95 2.11 1.56 2.16 2.54 1.86 1.57 2.37 1.61
Lu 0.18 0.20 0.17 0.26 0.39 0.27 0.26 0.26 0.24 0.22 0.28 0.31 0.31 0.28 0.29 0.24 0.22
LREE 156.52 158.63 153.71 56.96 66.88 50.92 17.65 16.64 17.17 73.05 82.39 66.28 67.65 66.94 22.47 22.48 23.32
HREE 14.56 13.34 13.91 16.21 17.96 13.10 11.30 9.54 10.17 16.36 15.84 15.30 15.90 15.59 10.54 11.95 10.95
REE 173.22 174.12 169.80 74.92 86.63 65.44 29.66 26.84 27.99 91.45 100.13 83.36 85.49 84.57 33.90 35.23 35.02
na, not analysed; bd, below detection limit.
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(1.14–2.75 ppm), Nb (0.14–1.55 ppm) and Ta
(0.02–0.17 ppm) are clearly higher, whereas the
converse applies to Sr (92.9–111.8 ppm) (Fig. 4b).
Type B clinopyroxenes are also distinguished by
their lower Cr concentration (1630–3080 ppm)
when compared with type A and C clinopyroxenes
(4158–5310 ppm) (Table 3). Finally, type C clinopyr-
oxenes have generally lower trace element concen-
trations (Sr 40.9–44.1 ppm; Zr 15.7–18.2 ppm; Nb
01–0.6 ppm; LREE 16.6–17.7 ppm), with their
maximum difference being the almost flat chondrite-
normalized REE patterns (Fig. 4a).
Amphibole trace element compositions repro-
duce the chondrite- and primitive mantle-
normalized patterns of clinopyroxenes in each
xenolith, showing marked heterogeneity (Table 3).
Type B amphiboles are characteristically LREE
enriched and show a convex-upwards REE
pattern, with La abundances c. 40 times chondrite
values (Fig. 4c). This composition is similar to
that of amphiboles interpreted as deep cumulates
crystallized from alkaline basic melts (Irving &
Frey 1984), although being LREE enriched. The
primitive mantle-normalized trace element pattern
of amphiboles from type B xenoliths is character-
ized by Ba and Nb–Ta positive peaks and U–Th
and Zr–Hf negative anomalies (Fig. 4d). These
patterns contrast markedly with that of amphiboles
from type C xenoliths, which show general low
trace element concentrations; REE have flat
patterns, similar to that for clinopyroxene from
these xenoliths, and primitive mantle spidergrams
are characterized by the presence of high field
strength elemet (HFSE) (Nb–Ta and Zr–Hf)
negative anomalies (Fig. 4d).
Whole-rock geochemistry
Major and trace element composition
It has been possible to analyse only two altered ultra-
mafic SCS xenoliths for whole-rock geochemistry.
Fig. 3. Major element composition of clinopyroxene, amphibole and phlogopite from the altered ultramafic
SCS xenoliths. Mineral composition of the SCS Sp-pyroxenites and hornblendites taken from Orejana et al. (2006).
Fields of phlogopites from peridotites, hydrous veins and typical clinopyroxenites after Shaw (2004).
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These two samples correspond to typeA andC xeno-
liths. Nevertheless, major and trace element compo-
sition, as well as isotopic ratios, are necessarily
influenced by their high degree of alteration
(Table 1): 86.5 vol% in sample 105776 (typeAxeno-
liths) and 78.8 vol% in sample 105787 (type C xeno-
liths), and their high loss on ignition (LOI) values
(close to 10 wt%), so that these results should be
interpreted with caution.
The major element composition of these xeno-
liths is characterized by low contents of TiO2
(,0.2 wt%), CaO (,4 wt%), Na2O (,0.47 wt%)
and K2O (,0.13 wt%), and relatively high con-
centrations of SiO2 (48–50 wt%) and MgO (23–
24 wt%) (Table 4). The high proportion of secondary
talc in the analysed samples could explain the Si–
Mg-rich nature of these altered xenoliths (Mg-
number values vary from 0.81 to 0.84). The low
CaO content is likely to be related to the scarcity
of modal clinopyroxene (10–17%).
Both xenoliths have a homogeneous major
element composition, different from those of most
of the cumulate pyroxenites and hornblendites of
Orejana et al. (2006), although they plot close to the
websterite xenolith 102131 (Fig. 5). It is important
to note the similarity betweenmajor element contents
of the analysed altered xenoliths and the orthopyro-
xene composition (taken from the above-mentioned
websterite 102131) (Fig. 5). The whole-rock compo-
sition of analysed pyroxenites yields high normative
Hy for both samples (Table 4), indicating the predo-
minance of orthopyroxene in the original modal
composition of the xenoliths.
Altered ultramafic SCS xenoliths have variable
trace element contents. Sample 105776 (type A)
has higher REE–LILE–HFSE contents compared
with sample 105787 (type C) (Table 4). On the
whole, both pyroxenites show low concentrations,
although some incompatible elements display mod-
erate (Rb, K and LREE), or even high contents
Fig. 4. (a) Chondrite-normalized and (b) primitive mantle-normalized trace element composition of clinopyroxenes
from the altered ultramafic SCS xenoliths. (c) Chondrite-normalized and (d) primitive mantle-normalized trace
element composition of amphiboles from the altered ultramafic SCS xenoliths. Data for other SCS xenoliths are
taken from Orejana et al. (2006). S, averaged REE composition of deep cumulates from basaltic magmas, taken
from Irving & Frey (1984). Chondrite and primitive mantle values are taken, respectively, from Sun & McDonough
(1989) and McDonough & Sun (1995).
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(Ba in sample 105787, 203 ppm). The chondrite-
normalized REE pattern is flat for HREE and
increasingly fractionated from middle REE
(MREE) to LREE, and is subparallel for the two
samples (Fig. 6a). The primitive mantle-normalized
trace element patterns display clear negative
anomalies for HFSE (Th, Nb–Ta, Zr–Hf and Ti),
but they are significantly more marked in sample
105787 (type C) than in sample 105776 (type A)
(Fig. 6b). In this latter xenolith, whole-rock trace
element geochemistry is dominated by clinopyrox-
ene composition, and the normalized patterns
mimic those of this mineral, with negative
anomalies at the HFSE. A similar pattern occurs
for sample 105787, where the presence of a HFSE-
poor amphibole adds to the HFSE-poor nature of
clinopyroxene, although it results in the increased
Ba concentration of this xenolith.
Sr–Nd isotope composition
The initial Sr and Nd isotopic ratios of the analysed
altered ultramafic SCS xenoliths have (87Sr/86Sr)0
Table 4. Whole-rock geochemistry of SCS altered ultramafic xenoliths (major elements,
trace elements, Sr–Nd isotope ratios and CIPW normative composition)*
Sample
105776 105787 105776 105787
SiO2 49.67 48.32 Ba 30.1 203
TiO2 0.2 0.1 Rb 6.61 4.07
Al2O3 4.09 4.43 Cs 8.96 4.15
Fe2O3
† 11.02 9.08 Sr 58.8 58.5
MnO 0.03 0.07 Pb 1.93 bd
MgO 23.07 23.85 Th 0.18 0.02
CaO 2.21 4 U 0.12 0.02
Na2O 0.19 0.47 Zr 14.5 3.30
K2O 0.12 0.13 Nb 2.07 0.23
P2O5 0.07 0 Y 7.21 3.74
LOI 9.51 9.75 V 89.4 91.1
Total 100.18 100.2 Ni 1910 2117
Mg-no. 0.81 0.84 Cr 2948 3043
Ta 0.15 0.02
Q 2.9 0.0 Hf 0.44 0.14
Or 0.8 0.9 La 7.09 2.45
Ab 1.8 4.4 Ce 10.22 5.91
An 11.1 10.7 Pr 1.39 0.74
Ne 0.0 0.0 Nd 5.94 2.93
Lc 0.0 0.0 Sm 1.40 0.65
Di 0.6 9.1 Eu 0.50 0.23
Hy 79.8 66.0 Gd 1.41 0.66
Ol 0.0 6.7 Tb 0.24 0.11
Mt 2.4 2.0 Dy 1.37 0.67
Il 0.4 0.2 Ho 0.26 0.14
Ap 0.2 0.0 Er 0.73 0.38
End-members Tm 0.11 0.06
Ol 0.0 8.2 Yb 0.70 0.35
Hy 99.3 80.7 Lu 0.11 0.06
Dy 0.7 11.1
Sr–Nd isotopic ratios
87Rb/86Sr 0.32 0.2 147Sm/144Nd 0.1426 0.1341
87Sr/86Sr+ 2s 0.707811+ 47 0.707800+ 05 143Nd/144Nd+ 2s 0.512597+ 06 0.512585+ 06
87Sr/86Sr265Ma 0.70658 0.70704 1(Nd)265 Ma 1.03 1.08
*Normative composition has been calculated considering that Fe2O3 represents 15% of total Fe.
†Total Fe is represented as Fe2O3.
bd, below detection limit.
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from 0.70658 to 0.70704 and 1Nd c. þ1 (Table 4).
The Sr isotopic composition of the host dykes is
markedly different from that of the altered xeno-
liths, but radiogenic Nd values resemble those of
the isotopically enriched lamprophyre dykes, and
also those of the more radiogenic subalkaline SCS
pyroxenites (Fig. 7). This composition falls
outside the mantle array, because of the relative
Fig. 5. Major element whole-rock composition of the altered ultramafic SCS xenoliths. Fields of other ultramafic
SCS xenoliths (Sp-pyroxenites and hornblendites) and whole-rock and orthopyroxene composition of the websterite
102131 are taken from Orejana et al. (2006).
Fig. 6. (a) Chondrite-normalized and (b) primitive mantle-normalized trace element composition of the
altered ultramafic SCS xenoliths. Normalizing values for chondrite and primitive mantle from Sun & McDonough
(1989) and McDonough & Sun (1995), respectively.
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radiogenic Sr, whereas 1Nd values are similar to
BSE (Bulk Silicate Earth) values. Similar devi-
ations from the mantle array have been described
in mantle xenoliths from Spitsbergen (Ionov et al.
2002b) and the French Massif Central (FMC)
(Downes & Dupuy 1987) (Fig. 7), and have been
interpreted as a consequence of percolative porous
melt flow metasomatism and an enrichment event
caused by EMI-like magmas, respectively. This
high 87Sr/86Sr trend of the altered SCS xenoliths
contrasts with that displayed by pyroxenite xeno-
liths from Hannuoba (towards both higher Sr and
lower Nd radiogenic ratios), which might represent
the involvement of fluids derived from subduction
or from a delaminated lower crust (Xu 2002).
Discussion
The origin of secondary alteration
The presence of chlorite and talc in these xenoliths
suggests re-equilibration in a volatile-rich environ-
ment, probably interacting with a H2O–CO2-rich
fluid. The selective alteration, which mainly
affects the primary orthopyroxene of the xenolith,
is also reproduced in the host lamprophyre where
clinopyroxene, amphibole or phlogopite pheno-
crysts are well preserved, whereas olivine is
totally pseudomorphed by talc. The common pre-
sence of carbonate-rich and chlorite-rich ocelli in
the lamprophyres suggests significant volatile exso-
lution by the ultrabasic magma at subvolcanic
emplacement levels. Thus, it is possible that a selec-
tive low-P alteration of suspended solids (xenoliths,
phenocrysts) occurred during lamprophyric magma
devolatilization. Chlorite group minerals in ultra-
mafic assemblages can appear at high temperatures
under low-pressure conditions (,1 kbar), in the
range of 850–900 8C (Pawley 2003). Talc could
appear slightly later, at around 800 8C (Pawley &
Wood 1995). This estimate of relatively high-
temperature alteration is close to, or overlaps, the
solidus condition for volatile-rich lamprophyric
magmas (Esperanc¸a & Holloway 1987). Volatiles
exsolved from the lamprophyric melt react with sus-
pended solids (xenoliths, phenocrysts) and promote
the alteration of a restricted mineral phase assem-
blage (i.e. orthopyroxene in pyroxenites, garnet in
granulite xenoliths and olivine in lamprophyres).
The restricted alteration of pyroxenite xenoliths
(not related to vein or fracture filling) and olivine
Fig. 7. Sr–Nd isotopic composition of altered xenoliths (calculated at 265 Ma), in comparison with isotopic
ratios of the SCS alkaline magmatism (Villaseca et al. 2004), SCS cumulate pyroxenites (Orejana et al. 2006)
and pyroxenite xenoliths from the FMC (Downes & Dupuy 1987), Spitsbergen (Ionov et al. 2002b) and Hannuoba
(Xu 2002). MORB and OIB fields are after Wilson (1989).
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in lamprophyres could continue to late-stage or sub-
solidus conditions. The subsolidus autometasomatic
alteration of primary minerals in lamprophyres as a
result of their high volatile content has been
frequently described (Rock 1991). Petrographic
features also do not suggest external hydrothermal
invasive alteration, in agreement with the anoro-
genic setting of this alkaline magmatism. Devolati-
lization of the lamprophyric magma is the only
possible agent to alter the incorporated xenoliths
close to or at the shallow level of emplacement.
Nature of the metasomatic agents
The presence of high-P and high-T metasomatism
within the altered SCS pyroxenite xenoliths can
be recognized in the formation of new minerals
(mainly Mg–Cr-rich amphibole and phlogopite)
and in the modification of the incompatible trace
element composition of the clinopyroxene (and
more specifically LREE enrichment and variable
HFSE depletion). The major element composition
of studied amphibole and phlogopite is very
similar to that shown by equivalent phases inter-
preted as the products of metasomatism within
mantle xenoliths (Ionov et al. 1997). Amphiboles
are essentially Ti–Cr-pargasites (less commonly
kaersutites) and micas are titanian phlogopites. In
all samples the Mg-number values of amphibole
and mica are very close to those of coexisting clin-
opyroxene (Table 2), indicating that the minerals
are close to chemical equilibrium. Type A and C
altered SCS xenoliths show a homogeneous
mineral composition, with Mg-number in the
narrow range 0.88–0.93 for both amphibole and
clinopyroxene. Greater heterogeneity in major
element mineral chemistry is shown by type B
xenoliths, but they also display similar Mg-number
for their constituent minerals (0.78–0.92 for clino-
pyroxene, 0.72–0.89 for amphibole and 0.82–0.86
for phlogopite).
The most significant differences between the
altered SCS xenoliths are mainly restricted to
trace element mineral compositions. Type A xeno-
liths do not show hydrous high-T minerals (amphi-
bole or phlogopite) indicative of modal
metasomatism, but clinopyroxene displays highly
LREE-enriched chondrite-normalized patterns
(Fig. 4a), with high (La/Yb)N ratios ranging from
7.8 to 11.6 (Fig. 8). Moreover, strong negative
HFSE (Nb–Ta, Zr–Hf and Ti) anomalies and
high concentrations of Sr may be recognized
(Fig. 4b). These characteristics indicate the involve-
ment of cryptic metasomatism, which is analogous
to similar enrichment in peridotite xenoliths from
basalts (e.g. Frey & Prinz 1978; Kempton 1987;
Kempton et al. 1999).
Strong enrichments in LREE have been related
to silicate and carbonate melts (Downes 2001;
Ionov et al. 2002a; Xu 2002; Xu et al. 2003). Exper-
imental studies on carbonate metasomatism have
concluded that carbonatite melts may carry high
concentrations of LILE, REE, U and Th, but they
are characterized by low HFSE contents (Green &
Wallace 1988). This HFSE depletion leads to the
formation of clinopyroxene with deep troughs at
Ta–(Nb), Zr–Hf and Ti, if a carbonate melt acts
as the metasomatic agent (e.g. Ionov 1998;
Yaxley et al. 1998). The above premises coincide
with the (La/Yb)N and Zr/Zr* values, which have
been used to distinguish between clinopyroxenes
associated with carbonate and silicate metasoma-
tism (Fig. 8). We have calculated the composition
of melts in equilibrium with type A clinopyroxenes
using the cpx/carbonatite partition coefficients of
the compilation of Klemme et al. (1995). The
results represent liquids with a composition very
similar to the average composition of calciocarbo-
natites (Woolley & Kempe 1989) or to that of
selected Kola carbonatites (Downes et al. 2005)
(Fig. 9a), suggesting that a carbonate-rich melt
was likely to have been responsible for the cryptic
metasomatism in type A xenoliths.
Type B xenoliths contain clinopyroxene and
amphibole with convex-upwards chondrite-
normalized REE patterns, resembling those of deep-
seated cumulates from basaltic magmas (Irving &
Frey 1984), but they are markedly more LREE-rich,
with the peak position normally located at Ce
(Fig. 4a). Amphibole is characteristically enriched
in Nb–Ta and Ti (Fig. 4d), which is typical of
Mg–Cr-rich metasomatic amphiboles crystallized
in veins within the mantle from highly alkaline
basic melts (Downes 2001; Witt-Eickschen et al.
Fig. 8. (La/Yb)N v. Zr anomaly (Zr/Zr* ¼ ZrN/
(EuNþ ((SmN2 EuN)/2))) for clinopyroxene from
the altered ultramafic SCS xenoliths.
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2003). Phlogopite is also typically Cr–Mg-rich,
displaying higher Mg-number (0.82–0.86) and
lower TiO2 contents (,5 wt%) than those expected
for micas formed from evolved basic melts as
pyroxenitic xenoliths (Mg-number c. 0.65–0.75
and TiO2 c. 6–9 wt%; Ionov et al. 1997; Shaw
2004), whereas Cr and Mg concentrations resemble
those of metasomatic micas crystallized in veins
within the upper mantle (Fig. 3). Trace element
signatures of clinopyroxene and amphibole from
type B xenoliths point clearly to a metasomatic
origin associated with an alkaline silicate melt
(modal metasomatism). Using the experimental
cpx/silicate melt partition coefficients of Hart &
Dunn (1993), except for Rb (Foley et al. 1996)
and Ta (averaged value determined at
P ¼ 1.0 GPa by Skulski et al. 1994), and the
amph/silicate melt partition coefficients of
LaTourrette et al. (1995), we have calculated the
hypothetical trace element composition of melts in
equilibrium with both minerals from this type of
xenolith, which is represented in Figure 9b and
c. The primitive mantle-normalized trace element
pattern of estimated melts broadly overlaps the
compositional range corresponding to the SCS
Permian alkaline lamprophyres and diabases, only
showing slightly higher concentrations of Nb, Ta,
La and Ce for estimates made using Damph/melt.
This similarity suggests that the metasomatic
agent responsible for the crystallization of amphi-
bole and the modification of the clinopyroxene
trace element composition from type B xenoliths
might be genetically related to the SCS Permian
alkaline magmatism.
The third distinctive geochemical signature
described in the altered ultramafic SCS xenoliths
corresponds to clinopyroxene and amphibole from
type C xenoliths, which display similar flat REE
patterns and strong HFSE depletions. This latter
aspect contrasts significantly with the primitive
mantle-normalized trace element patterns of amphi-
boles from type B and C xenoliths: the former
gives rise to strong positive Nb–Ta anomalies,
whereas type C amphiboles show negative Nb–Ta
anomalies (Fig. 4d). In contrast, the HFSE
depletions in clinopyroxenes from type A and C
xenoliths (Fig. 4b) represent analogous behaviour
indicative of high incompatibility of these elements
in both metasomatizing agents, and, in general
terms, this characteristic has been ascribed to
reaction with H2O–CO2-rich melts (e.g. Downes
2001; Ionov et al. 2002a; Xu & Bodinier 2004).
Single or multiple enrichment events?
The heterogeneous trace element mineral chemistry
of the altered SCS xenoliths can be explained by
advocating two possibilities: (1) that different,
Fig. 9. (a) Trace element composition of melts in
equilibrium with clinopyroxenes from type A altered
xenoliths, associated with carbonate melts. Data
calculated using cpx/carbonatite melt partition
coefficients (Klemme et al. 1995). (b) Trace element
composition of melts in equilibrium with clinopyroxenes
from type B altered xenoliths, associated with the SCS
alkaline magmas. Data calculated using cpx/basaltic
melt partition coefficients (Hart & Dunn 1993), except
for Rb (Foley et al. 1996) and Ta (averaged value
determined at P ¼ 1.0 GPa by Skulski et al. 1994).
(c) Trace element composition of melts in equilibrium
with amphiboles from type B altered xenoliths,
associated with the SCS alkaline magmas. Data
calculated using amph/silicatemelt partition coefficients
of LaTourrette et al. (1995). Average composition of
calciocarbonatites taken fromWoolley&Kempe (1989).
Compositional field of selected Kola carbonatites taken
from Downes et al. (2005). SCS alkaline dykes range
taken from Villaseca et al. (2004). Normalizing values
for primitive mantle from McDonough & Sun (1995).
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genetically unrelated metasomatic agents have
operated within the upper mantle–lower crust
boundary below the SCS, giving rise to three con-
trasting trace element patterns; or (2) that a single
melt has affected the wall-rock after fractionating
to produce three different (but genetically linked)
metasomatic agents. In any case, the composition
of melts in equilibrium with type B xenoliths
strongly supports metasomatism being caused by
highly alkaline magmas similar to the SCS Late
Permian alkaline magmatism, which is the only
alkaline magmatic event recorded in central Spain.
There are numerous cases where heterogeneous
trace element enrichment signatures within mantle
xenoliths have been interpreted as being controlled
by a unique metasomatic agent, as a result of a
differentiation process (e.g. Gre´goire et al. 2000;
Xu & Bodinier 2004). Opposite to modal metaso-
matism within the wall-rock, restricted to zones
adjacent to vein conduits, a ‘diffuse’ metasomatism
has been proposed, corresponding to migrations of
melts that percolate along grain boundaries in a
solid matrix (i.e. porous flow; e.g. Xu & Bodinier
2004). The metasomatic agent is generally a small
melt fraction rich in volatiles. Such melts, because
of their low viscosity and low dihedral wetting
angles, such as occur for carbonatitic melts, can
escape their source regions at melt fractions
as low as 0.1%, percolating through the rock
matrix because of the formation of intercon-
nected grain-edge networks (e.g. Minarik 1998;
Witt-Eickschen et al. 2003). This characteristic
makes these magmas very effective as mobile meta-
somatic agents in the lithospheric mantle (Navon &
Stolper 1987; Green & Wallace 1988; Yaxley et al.
1998). Reactive porous flow metasomatism has
been used to explain the variable LREE enrichment
in clinopyroxene with almost constant HREE
(Bedini et al. 1997; Vernie`res et al. 1997; Ionov
et al. 2002a). Moreover, a direct relationship
between the style of metasomatism and the distance
from its source has been observed in peridotite
massifs (e.g. Bodinier et al. 1990), and ascribed to
a single metasomatic event involving a progress-
ively differentiated melt solidifying down a
thermal gradient. Nevertheless, the general equili-
brium conditions attained by minerals in the
altered SCS xenoliths, as demonstrated by similar
Mg-number values and the absence of strongly
fractionated LREE ratios, such as La/Ce, La/Pr
or La/Nd, suggest that source composition domi-
nated the metasomatic process over fractionation
mechanisms (chromatographic effect), so that the
rock acquired strong chemical fingerprints of the
metasomatic agents.
We propose that metasomatism within the
altered ultramafic SCS xenoliths represents the
involvement of a single parental melt. The estimated
trace element composition of melts in equilibrium
with type B xenoliths (associated with silicate
melt metasomatism) suggests that this agent was
similar to the Permian alkaline magmatism. Clino-
pyroxene and amphibole from type B xenoliths
show chemical characteristics similar to those of
metasomatic phases crystallized in veins. Neverthe-
less, a differentiation process must have occurred
while alkaline melts percolated through the wall-
rock, to produce type A–C geochemical signatures.
Crystallization of amphibole and phlogopite in vein
conduits and in the wall-rock may result in a signifi-
cant decrease in water and Nb–Ta contents in the
residual melts. Taking into account the high H2O
and CO2 contents characteristic of these alkaline
melts, a decrease in water in the percolating fluid
or melt would favour the formation of a
carbonate-rich fraction responsible for the anhy-
drous transformation of type A xenoliths, probably
at a greater distance from the magma source. Reac-
tion of a carbonate melt with the wall-rock would
result in a continuous exhaustion of its silicate com-
ponent and an increasing proportion of the carbon-
ate component in its composition (Mattielli et al.
1999), because carbonates are not stable in the
shallow mantle at moderate to high temperatures
(Dalton & Wood 1993).
Formationof typeCclinopyroxene andamphibole
may be interpreted within this theoretical model.
The differences shown by type B and type C amphi-
boles in their trace element composition (e.g.
Zr–Nb concentrations) are very similar to those
described for vein and disseminated amphiboles
within metasomatized mantle xenoliths (Ionov et al.
1997; Fig. 10). Whereas convex-upwards REE
patterns in type B xenoliths could be ascribed to
silicate melt crystallization in veins, the flat REE
patterns and the negative HFSE anomalies of
Fig. 10. Zr/Nb v. Nb for amphiboles from the altered
ultramafic SCS xenoliths. Fields for disseminated and
vein amphibole are taken from Ionov et al. (1997).
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amphibole from type C xenoliths resemble trace
element contents of disseminated amphibole. Tran-
sition from the convex-shaped REE pattern to the
LREE-depleted pattern for vein and disseminated
amphiboles, respectively, has been documented in
several studies (Downes et al. 1995; Vaselli et al.
1995; Zanetti et al. 1996). The above differences in
trace element composition between metasomatic
amphiboles have been explained by the lower solubi-
lity of HFSE in aqueous fluids when compared with
silicate melts (Ionov & Hofmann 1995), in accord-
ance with the widely accepted model of mantle meta-
somatism involving expulsion of fluids from a
network of veins filled with crystallizing basaltic
melts (Wilshire 1987; O’Reilly et al. 1991). Thus, it
is likely that percolation of the H2O–CO2-rich
metasomatic agent, before total exhaustion of water,
would have given rise to crystallization of a HFSE-
poor amphibole in type C xenoliths.
Nature of the pyroxenite protolith
Although the whole-rock geochemistry of type B
xenoliths has not been determined, the similarities
in petrography (granoblastic texture, high degree
and type of alteration, modal composition), and in
major element mineral composition, when com-
pared with the other altered xenoliths, suggest that
they all are probably related to similar protoliths.
The modal abundance of pseudomorphed orthopyr-
oxene, as stated above, combined with their
Opx-rich normative composition (Table 4) and the
negative Nb–Ta (immobile elements) anomaly in
multi-element normalized plots shown by the pyr-
oxenites are in clearly contrast to the host alkaline
magma chemistry. Subsequently, pyroxenite
parental melts show a sub-alkaline affinity. Their
granoblastic texture indicates solid-state equili-
bration before being trapped by ascending alkaline
magmas.
P–T estimates on mineral equilibria in ultrama-
fic xenoliths give metamorphic conditions close to
mantle–crust boundary levels (Orejana et al.
2006). This is in agreement with estimated con-
ditions for accompanying granulite xenoliths (Villa-
seca et al. 1999). Moreover, recent estimates on
pyroxene-bearing charnockite xenoliths also yield
P–T conditions that rarely indicate significant
mantle depths, taking into account an estimated
average crustal thickness of 35km (see Villaseca
et al. 1999, and references therein). P–T estimates
in the studied altered pyroxenites using single-cpx
thermometry (Mercier 1980), Ti-in-amphibole
thermometry (Otten 1984) and cpx barometry
(Nimis & Ulmer 1998) give values that are
mostly in the range of 935–1075 8C and 7.6–10.2
kbar (Table 2), overlapping previously published
data on SCS xenolith suites. The lack of clear
mantle-derived (i.e. peridotite) xenoliths in the lam-
prophyres also argues for a non-mantle provenance
of these rocks. Thus, pyroxenite xenoliths could
represent ultramafic igneous bodies recrystallized
during granulite-facies conditions at the base of
the SCS continental crust.
Prior to entrainment of the alkaline magmatism,
three intrusive suites of calc-alkaline basic rocks
have been identified within the SCS (Villaseca
et al. 2004): (1) gabbros to quartz diorites emplaced
in small massifs (Gb1), coeval with the granitic Her-
cynian batholith; (2) medium-K calc-alkaline dyke
swarms (Gb2); (3) shoshonitic dyke swarms (Gb3).
Gb1 rocks were intruded between 345 and 310Ma
(Bea et al. 1999), whereas Gb2 and Gb3 represent
a post-collisional, late-stage magmatism emplaced
no earlier than 295Ma (Galindo et al. 1994). Thus,
the origin of the protolith of the altered SCS xeno-
liths might be associated with crystallization of
ultramafic pyroxene-rich cumulates from these
basic sub-alkaline magmas at the lower crust–
upper mantle boundary, in the context of an under-
plating event, as has been proposed for other
Permian pyroxenitic xenoliths from the French
Massif Central (Fe´me´nias et al. 2003).
The Sr–Nd isotopic ratios (calculated at 265Ma)
of the two analysed samples (type A and C xeno-
liths) give rise to a homogeneous 1Nd c. þ1, but
relatively variable radiogenic Sr isotopic ratios
(Fig. 11). A wide range of 87Sr/86Sr ratios in ultra-
mafic xenoliths accompanied by little variation of
the 1Nd value has been explained by interaction
with oceanic waters associated with a lithospheric
component affected by subduction (e.g. Downes
et al. 1992; Rosenbaum et al. 1997; Downes
2001; Xu 2002). Nevertheless, the SCS represents
the innermost part of the Hercynian Belt, precluding
the possibility of an oceanic subducted component
in this region. Moreover, the primary mineral chem-
istry of the altered SCS xenoliths strongly suggests
that metasomatism was caused by the infiltration of
alkaline magmas genetically related to the host
Permian alkaline dykes. Superimposed upon this
there is also a later strong alteration process
caused by the devolatilization of the lamprophyric
magma.
The relatively enriched Sr isotopic signature
might represent an enriched composition in the
source, probably linked to the Gb2 or Gb3 sub-
alkaline basic magmas mentioned above, as they
show a similar Sr isotopic composition to that of
the altered xenoliths. The relatively high 1Nd
value of the altered xenoliths points to the isotopi-
cally depleted SCS alkaline dykes as the main meta-
somatic melt via the two processes indicated above.
We have tested this possibility by applying a simple
mixing model that considers the averaged compo-
sition of the SCS depleted lamprophyres and
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diabases as a metasomatic melt, and a Gb2-like
composition as the original calc-alkaline pyroxeni-
tic protolith (Fig. 11). The trend described by this
model predicts an isotopic modification with a
20% contribution of an alkaline melt component
to explain the isotopic composition of the altered
ultramafic SCS xenoliths.
Conclusions
The altered ultramafic SCS xenoliths show recrys-
tallization textures, indicating solid-state equili-
brium at the lower crustal depths. The host
lamprophyric dykes do not show significant hydro-
thermal alteration. Thus, the secondary phases
(chlorite and talc group minerals) present in the
ultramafic xenoliths might have formed as a result
of selective transformation, mainly of orthopyrox-
ene, as a consequence of volatile exsolution from
the host melt. The presence of unaltered clinopyrox-
ene, amphibole and phlogopite phenocrysts in the
alkaline dykes suggests that these phases should
have been preserved in the xenoliths, if present.
The absence of olivine and the predominance of
modal clinopyroxene or normative Hy and Di indi-
cate that these xenoliths were not mantle fragments,
but represent cumulate pyroxenites of calc-alkaline
affinity.
The presence of Cr–Mg-rich high-T hydrous
phases (amphibole and phlogopite) indicates sig-
nificant modal metasomatism at depth. This meta-
somatic process seems to be heterogeneous, as
these xenoliths show three mineral trace element
Fig. 11. Comparison of Sr–Nd isotopic ratios of the altered SCS xenoliths with respect to different SCS magmatic
rocks. Composition of alkaline and sub-alkaline (Gb1–Gb2–Gb3) intrusions after Villaseca et al. (2004), calculated at
265 Ma. SCS sub-alkaline pyroxenitic xenoliths taken from Orejana et al. (2006). The curve joining small open
diamonds represents a simple mixing model illustrating the probable influence of the infiltration of alkaline
magmas (metasomatism and alteration) within an isotopically enriched pyroxenitic protolith. The mixing model
considers the most radiogenic Gb2 sample as the starting composition 87Sr/86Sr ¼ 0.70917; 143Nd/144Nd ¼ 0.512087;
Sr 230 ppm; Nd 16 ppm) and the isotopically depleted alkaline host dykes as the main metasomatic agent
(87Sr/86Sr ¼ 0.70350; 143Nd/144Nd ¼ 0.512637; Sr 800 ppm; Nd 40 ppm). MORB and OIB fields after Wilson
(1989). The model suggests that metasomatism (including alteration) might be caused by the involvement of
around 20% of the alkaline component.
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signatures: type A xenoliths, with LREE-enriched
clinopyroxenes with negative HFSE anomalies;
type B xenoliths, with clinopyroxenes and amphi-
boles with high incompatible trace element contents
(LILE, HFSE and REE); type C xenoliths, with
relatively REE- and HFSE-poor clinopyroxenes
and amphiboles. These metasomatic characteristics
support crystallization from three different metaso-
matic agents: carbonated magma, silicate magma
and hydrous fluids–melts, respectively, which are
derived from the progressive differentiation of a
single CO2–H2O-rich highly alkaline melt, gene-
tically related to the SCS Permian alkaline
lamprophyric magmatism.
The homogeneous Sr–Nd isotopic ratios of the
altered xenoliths, together with their sub-alkaline
nature, indicate that they formed as pyroxene-rich
cumulates, associated with the intrusion of
calc-alkaline basic magmas at the base of the
crust during an underplating event. The radiogenic
Sr composition could be explained by infiltration
of an isotopically depleted melt (similar to the
depleted SCS alkaline dykes) by an 87Sr/86Sr-
enriched component similar to Gb2 SCS
calc-alkaline dykes.
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